The shape of a room ceiling influences acoustics of the room dramatically. Bad shape causes many acoustic defects like sound focusing, high delays, lack of reflections, whereas good shape provides useful support of the direct sound and as a result increases loudness, improves speech and music intelligibility. Many books give recommendations on the ceiling geometry, which has to be designed to reflect sound to the rear of the room, or to diffuse it throughout the room. But any quantitative parameters for characterizing efficiency of sound reflection from the ceiling are not applied in practice. It seems that it would be useful to specify the room ceiling by any parameters describing its reflection properties. For this purpose two efficiency factors in framework of geometrical acoustics are proposed in presented paper. First factor is a ratio of the sound energy reflected from the ceiling towards seats to the sound energy incident to the ceiling. At the best, this ratio equals 1, but not always maximal ratio corresponds with good ceiling shape. For this reason second factor is also used, it is a ratio of the sound energy reflected from the ceiling towards seats to sound energy radiated by a source into the room. Maximal value of second factor is defined by a ratio of the room height to the room length. The room with a balcony requires refinement of efficiency factors definition. Possible way is to separate the sound energy reflected by the ceiling into the energy reflected towards the main floor and the energy reflected towards the balcony. Proposed efficiency factors are analysed for four classic concert halls with excellent acoustics. It provides preliminary values of the factors suitable for evaluation of acoustic properties of the room ceiling.
Introduction
One of the most important acoustic functions of a ceiling is to reflect sound from a source to an audience. Usually the source is placed on the stage and the audience occupies almost all floor area. In many rooms the ceiling directs sound to the rear of the room or diffuses it throughout the room. The ceiling may have several flat or curved segments, each of them is angled to reflect sound to different seating areas. Many books and guidelines [1, 2] give recommendations about ceiling geometry and height.
One of the typical examples [1] is given in Figure 1 . The ceiling A has four flat angled elements and one curved element over the stage which reflect sound to different areas, so reflected sound is uniformly distributed throughout the floor. This ceiling seems to be appropriate for good acoustics. The elements of second ceiling (B) are inclined along the floor, so only first element reflects sound to the audience. The ceiling does not provide the audience with early reflections and is not considered to be good for acoustics. By means of geometrical analysis we can evaluate acoustic properties of the ceiling, at the same time there are no quantitative parameters for characterizing such properties. But it would be useful to know how much better the ceiling shape is in comparison with another one. For instance, whether the complicated ceiling A in Figure 1 is much better than the simplest flat ceiling. Another problem is the reflection efficiency of separate ceiling elements. As we see in Figure1A the curved element over the stage directs sound towards all audience area. But only half surface of the element provides useful reflections. At the same time the second element (sound reflections are marked by blue lines in Figure 1A ) reflects sound by its entire surface, whereas only half of the audience area is covered by sound reflected by this element. Comparison of these elements may be helpful for acoustic design. Buenos Aires -5 to 9 September, 2016
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In present paper we propose some quantitative parameters for characterizing efficiency of sound reflections from the room ceiling. We consider two dimensional cases and apply geometrical acoustics. Four classic concert halls with excellent acoustics are analysed by means of proposed factors in order to find their characteristic values. Finally we apply the factors in three cases from practice.
Efficiency factors

First efficiency factor
Let us consider the simplest room shown in Figure 2 . The room has a flat ceiling and a slanted floor. An audience occupies all floor area and a sound source is placed on a stage. Sound propagation is considered only in the framework of geometric acoustics. Moreover, we investigate only ray trajectories in the vertical plane coincident with the room cross section. The nondirectional sound source radiates sound uniformly in all directions. Only rays between green lines in Figure 2 fall onto the ceiling, so the sound energy incident on the ceiling is proportional to 0 . Precisely in two-dimensional case a ratio of the sound energy incident on the ceiling to the sound energy radiated by the source is 0 2 ⁄ . Part of the ceiling reflects the rays to the floor. If we exclude the audience in the direct field the rays reflected towards the audience are marked by red lines in Figure 2 . The angle between these lines 1 determines the energy directed to the audience by the ceiling. Usually such rays are named useful reflection if their delay times are less than 30 to 50 ms. So we can define the efficiency factor of ceiling reflection properties as a ratio of the useful reflections energy to the total energy reflected from the ceiling. If the ceiling does not provide useful reflections the factor 1 is 0. Maximal value of 1 is 1, it takes place if all reflections from the ceiling reach the audience out of direct field. It is interesting to compare the flat ceiling in Figure 2 with the complex shape ceilings in the Figure 1 . In case of good ceiling ( Figure 1A ) there are four ray beams reflected by different ceiling elements. All of them reach the audience, so the angle 1 is a sum of four angles between lines of the same color in Figure 1A . In case of bad ceiling ( Figure 1B ) only first element reflects sound to the audience, so 1 is the angle between red lines. In Table 1 values of the angle 1 and the factor 1 are given for three cases. We see that efficiency factors of the flat ceiling and the ceiling with complex profile tuned for good acoustics are very close; however the complex ceiling is a little better. The ceiling with wrong shape is much worse than two other ceilings. 
Second efficiency factor
It is easy to note that the factor 1 depends not only on the ceiling shape, a slope of the floor defines the angle 1 as well. As shown in Figure 3 the angle 1 is rising with an increase of the floor slope. So characteristic of ceiling reflection efficiency by the factor 1 in different rooms can give wrong evaluation if floors in rooms with similar ceilings are significantly different. As we try to propose parameters describing ceiling properties it would be reasonable to add the efficiency factor, which does not depend on the floor slope.
In two-dimensional case a point source radiates sound uniformly and radiated energy is proportional to 2 . Approximately a quarter of this energy is radiated directly into the room, three quarters are radiated back or down and come to the room after one and more reflections from the room surfaces. So the energy radiated into the room is proportional to 2 ⁄ , part of this energy falls on the ceiling and may reach the audience. Now we can define second efficiency factor as a ratio of the energy reflected by the ceiling towards the audience to the energy radiated directly into the room 
The efficiency factors 2 for three examples considered above (rooms in Figures 1 and 2 ) are given in Table 1 . It can be seen that in the simplest cases the efficiency factors 1 and 2 give similar quantitative estimation of good and bad ceilings. Note minimum value of 2 is 0, maximal value is approximately arctg ⁄ , where is the room height, is the room length.
The room with a balcony
If the room has several audience areas, it would be useful to apply the efficiency factors for each area. In Figure 4 the room with a balcony is shown, there are two angles of useful reflections from the ceiling. The rays radiated within the angle 1, are reflected by the ceiling to the main floor; the angle 1, defines the rays reflected to the balcony. Obviously, in this room the angle 1 is given by
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Classic concert halls
In order to use proposed efficiency factors of reflecting properties of the room ceiling we need to know their values characterizing good or bad ceiling shape. For preliminary investigation of the factors we apply them for classic concert halls with excellent acoustics. Three halls with the best subjective rating according to Beranek are considered [3] . Central sections of Grosser Musikvereinssaal in Vienna, Concertgebouw in Amsterdam, Boston Symphonic Hall are presented in Figure 5 [2]. In addition to these halls one of the best concert halls in Russia is examined. Acoustics of the Moscow Conservatory Great Hall is described in detail in [4] and its section is shown in Figure 5 as well. The sound source is placed at 1.5 m form the floor and 2 m from the beginning of the stage. Also we suppose that direct sound field acts at 8 m distance from the source. In Figure 5 the rays reflected by the ceiling to the main floor are marked by solid red lines, dashed red lines show the rays reflected to the balcony. Green lines give the angle 0 devoting all rays incident on the ceiling. In Table 2 the efficiency factors calculated by means of the ray tracings in Figure  5 and their average values are given.
Grosser Musikvereinssaal has maximal values of the efficiency factors 1 and 2 , they are a little smaller in Moscow Conservatory Great Hall. So we can conclude that the reflecting properties of the ceiling in these halls are similar as a whole. However the best reflections to the main floor are provided by the ceilings of Grosser Musikvereinssaal and Boston Symphonic Hall. As we see in Table 2 the efficiency factor 1 varies from 0.54 to 0.73, its average value is 0.66. The efficiency factor 2 has values from 0.39 to 0.57, its average value is 0.50. 
Examples of bad ceilings
It is interesting to apply proposed efficiency factors for the ceiling shapes which are a priori unsuitable for useful reflections. The preliminary ceiling geometry of the philharmonic hall is shown in Figure 6 . The hall has the balcony so we should find two angles of useful reflections. 
Rostov opera house
Proposed method has been used for evaluations of changes of the ceiling in Rostov opera house. The hall has poor acoustic properties and will be reconstructed. Main goal of the reconstruction is to improve its acoustics by means of correction of the ceiling and walls shape and changing of the finishing materials. Geometrical analysis presented in Figure 8A shows the sound reflections from the ceiling are far from optimal. Only small parts of the ceiling direct the sound energy to the seats. Thus proposed correction of the ceiling shape provides increasing of the sound energy reflected by the ceiling to the audience by more than 50%. Together with other changes of the hall new ceiling seems to improve acoustics of Rostov opera house. But final evaluation of acoustic changes will be possible only after finishing of the reconstruction.
Conclusions
Two factors for characterizing reflection properties of the room ceiling are proposed in this paper. Factor 1 is the ratio of the sound energy of useful reflections from the ceiling to the sound energy incident on the ceiling from a sound source placed on a stage. This factor is useful for comparison of different ceiling shapes in the same room. Design process can include analysis of 1 in order to choose the best ceiling shape. Factor 2 is the ratio of the sound energy of useful reflections from the ceiling to the sound energy radiated into the room by the source. This factor seems to be more preferable for characterizing absolute reflective properties of the ceiling. In other words 2 is useful for comparison of the ceilings in different rooms. For practical application of proposed factors some qualitative values are required. Four classical concert halls with excellent acoustics are analyzed and preliminary recommendations for 1 and 2 are obtained. But these halls have shoebox form and flat ceiling, so the halls with complex ceiling should considered additionally. Data from different halls will allow obtain more reasoned values for the efficiency factors.
It is important to note that the factors are determined only for two-dimensional case, sound rays propagation is considered only in the plane of central room section. More accurate estimation takes place if three dimensional sound propagation is taken into account. The efficiency factors can be determined in the same way, but their calculation will be more difficult and obviously will require CAD simulation.
Nevertheless the simplest definition of the efficiency factors has been used in practice. Three examples of existing or designed halls are given in the paper. The most interesting one is correction of the ceiling shape in Rostov opera house, which is going to be reconstructed. Changes of the ceiling result in increasing of the sound energy reflected to the audience by 50%.
